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Background: Cytosolic carboxypeptidases (CCPs) are a subfamily of enzymes that modify tubulin.
Results:Zebrafish CCPs exhibit overlapping expression in developing organs. Knockdown of CCP1 and CCP5 results in similar
defects including severe hydrocephalus and axial curvature.
Conclusion: Loss of deglutamylating enzymes causes developmental defects in zebrafish.
Significance: CCP1 and CCP5 play important roles in zebrafish embryonic development.
The cytosolic carboxypeptidases (CCPs) are a subfamily of
metalloenzymes within the larger M14 family of carboxypepti-
dases that have been implicated in the post-translational modi-
fication of tubulin. It has been suggested that at least four of the
six mammalian CCPs function as tubulin deglutamylases. How-
ever, it is not yet clear whether these enzymes play redundant or
unique roles within the cell. To address this question, genes
encoding CCPs were identified in the zebrafish genome. Analy-
sis by quantitative polymerase chain reaction indicated that
CCP1, CCP2, CCP5, and CCP6 mRNAs were detectable
between 2 h and 8 days postfertilization with highest levels 5–8
days postfertilization. CCP1, CCP2, and CCP5 mRNAs were
predominantly expressed in tissues such as the brain, olfactory
placodes, and pronephric ducts. Morpholino oligonucleotide-
mediated knockdown of CCP1 and CCP5 mRNA resulted in a
common phenotype including ventral body curvature and
hydrocephalus. Confocal microscopy of morphant zebrafish
revealed olfactory placodeswith defectivemorphology aswell as
pronephric ducts with increased polyglutamylation. These data
suggest that CCP1 and CCP5 play important roles in develop-
mental processes, particularly the development and functioning
of cilia. The robust and similar defects upon knockdown suggest
that each CCPmay have a function inmicrotubulemodification
and ciliary function and that other CCPs are not able to com-
pensate for the loss of one.
The M14 metallocarboxypeptidase (CP)4 family contains
25 distinct members in most mammalian species; these pro-
teins have been divided into subfamilies based on amino acid
sequence homology (1). Members of the A/B subfamily include
the well studied pancreatic digestive enzymes CPA1, CPA2,
and CPB1 as well as other members expressed in non-pancre-
atic tissues and presumably functioning in the degradation or
processing of endogenous proteins and peptides (2). Most
members of the A/B subfamily contain an N-terminal “pro”
domain that largely comprises -sheet structures (3).Members
of the N/E subfamily of CPs are involved in the biosynthesis of
neuropeptides and peptide hormones, growth factors, and
extracellular peptides. TheN/E subfamilymembers donot con-
tain an N-terminal prodomain but instead have a -sheet-rich
structure attached to theC terminus of theCPdomain (4, 5). All
members of the A/B and N/E subfamilies of CPs are either
secreted or found within the secretory pathway. In contrast, a
third subfamily of CPs has been identified with expression pri-
marily in the cytosol (1, 6). In humans, there are six of these
cytosolic carboxypeptidases (CCPs), named CCP1 through
CCP6.
The first identified cytosolic carboxypeptidase, CCP1, was
initially named Nna1 because it was reported to be neuronal,
nuclear, and induced by axotomy (7). Subsequent studies found
that murine CCP1 mRNA is expressed at high levels in many
non-neuronal tissues (6, 8) and that the majority of CCP1 pro-
tein resides in the cytosol (6) and cycles into the nucleus
because of the presence of nuclear localization (9) and nuclear
export signals (10). CCP1 is encoded by the Agtpbp1 gene. In
2002, it was reported that the Purkinje cell degeneration (pcd)
mouse has a mutation in the Agtpbp1 gene that results in trun-
cation of CCP1 protein and loss of the active carboxypeptidase
domain (8, 11). A number of distinct mutations in the mouse
Agtpbp1 gene all cause the death of Purkinje cells as well as
other cell types including olfactory bulb mitral cells, retinal
photoreceptor cells, and testis spermatocytes. The genes
encoding other members of the CCP gene family were named
Agbl1 through Agbl5 for the human and mouse genes. In
zebrafish, most of the gene names are similar to those of the
human and mouse with the exception of the gene encoding
zebrafishCCP2 (whichwas named zte25). To reduce confusion,
the protein names and not the gene names are used in the pres-
ent report.
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The functions of the CCPs are not entirely clear. Recent evi-
dence suggests that some of the CCPs participate in the pro-
cessing of tubulin (12–15), which undergoes a number of C-ter-
minal and side chain modifications that affect its function (16).
For example, -tubulin is translated with a C-terminal tyrosine
that is removed by a carboxypeptidase to produce detyrosi-
nated tubulin (17–19). Tyrosine can be reattached to the C
terminus of detyrosinated tubulin by a selective ligase, tubulin-
tyrosine ligase (20, 21). Alternatively, the C-terminal glutamate
residue of detyrosinated -tubulin can be removed by a car-
boxypeptidase to produce2 tubulin (22). Both - and -tubu-
lins are also modified by ligases that attach a glutamate residue
to the -carboxylate side chain of specific glutamate residues
located near the C terminus of the protein (23). Other ligases
attach additional glutamates to the C-terminal carboxylate
group of the side chain, extending the length of the side chain.
In addition, other ligases attach glycine residues to the -car-
boxylate side chain and/or extend the glycine side chain.
The glutamates and/or glycines attached to the side chain of
- and -tubulins are removed by carboxypeptidases. Evidence
that CCPs perform various steps in the processing of tubulin
has been provided by studies examining the effect of overex-
pression or knockdown of the CCPs in cell lines. From these
analyses, it was suggested that CCP2 removes tyrosine from
-tubulin to generate detyrosinated tubulin (24); CCP1, CCP4,
and CCP6 remove glutamate from the C terminus of detyrosi-
nated tubulin to generate 2 tubulin and reduce the length of
polyglutamate side chains; and CCP5 selectively removes the
-linked glutamate from the side chain (12). Studies examining
the enzymatic activity of purified CCP1 have shown that this
enzyme can remove glutamates from the side chains of - and
-tubulins and from the C terminus of detyrosinated -tubulin
(13). Similar studies performed with purified CCP5 show that
this enzyme can rapidly remove the branch point glutamate and
more slowly removes C-terminal glutamates from tubulin (25).
In this study, we utilized the zebrafish system to compare the
expression, distribution, and biological functions of CCPs. In
light of the studies from Berezniuk et al. (25) showing the mul-
tifunctionality of CCP5 and a clear overlap in function with
CCP1, we sought to determine whether this overlap was
reflected in the biological functions of these enzymes. Our
results suggest that although these enzymes exhibit overlap-
ping enzymatic functions they play unique roles in zebrafish
biology.We describe clear differences in the temporal and spa-
tial distributions of these enzymes and demonstrate a role for
both CCP1 and CCP5 in embryogenesis. Additionally, we dem-
onstrate differences in detectable levels of tubulin isoforms in
whole body protein extracts after knockdown of CCP5 mRNA,
suggesting a major role for this enzyme in the processing of
zebrafish tubulin.
EXPERIMENTAL PROCEDURES
Zebrafish Care—Zebrafish (Danio rerio, AB strain) were
maintained within the Zebrafish Facility of the Albert Einstein
College of Medicine according to standard conditions as
described previously (26) and as stipulated in an approved Insti-
tutional Animal Care and Use Committee protocol. Zebrafish
embryos were obtained from wild type fish by natural pairwise
matings. Embryos were maintained at 28 °C and injected with
morpholino oligonucleotides between the one- and two-cell
stages (27). Morpholino oligonucleotides were obtained from
Gene Tools, LLC (Philomath, OR) and dissolved in distilled
water. GeneTools standard control was used. Morpholino olig-
onucleotide sequenceswere as follows: CCP1-MO1,GGTGTTC-
TGTACGAAAACATCAAGT; CCP1-MO2, TTAAGAACACC-
AAAACTCACCGACA; CCP5-MO, ATGACCTGCACACAC-
AAGATCAACA. In each experiment, 6 ng of morpholino
oligonucleotide were used for the morpholinos directed
against CCP1 mRNA, and 3 ng were used for those directed
against CCP5 mRNA. Control morpholino oligonucleotide
was matched for ng amount with experimental morpholino
oligonucleotides.
cDNA Synthesis—RNA was extracted from zebrafish embryos
using the RNeasy Mini kit (Qiagen) according to the protocol
for animal tissues. RNA quality was assessed by formalde-
hyde gel electrophoresis. First strand cDNA synthesis was
performed using the Superscript III First Strand Synthesis
System (Invitrogen).
cDNA Cloning—Amplification of desired cDNAs was per-
formed by PCR with PfuUltraII DNA polymerase (Stratagene)
using a programof 95 °C for 2min followed by 40 cycles of 95 °C
for 30 s, 58 °C for 30 s, and 72 °C for 2 min. For primer
sequences, contact the authors. A 3 overhang was added to
each amplicon by incubating with Taq polymerase at 72 °C for
10 min. Cloning into the pCRII-TOPO plasmid (Invitrogen)
was performed by TOPO TA cloning according to the manu-
facturer’s instructions. All cloning was verified by sequencing.
Quantitative PCR—Quantitative PCR (qPCR) was per-
formed on anABI 7900 using Power SYBRGreen PCRMaster
Mix (Applied Biosystems). Data were normalized to -actin
expression and are shown as relative expression. For primer
sequences, contact the authors.
In Situ Hybridization—Probes for in situ hybridization were
generated by in vitro transcription from a linearized plasmid
template using a DIG RNA Labeling kit (Roche Applied Sci-
ence) with T3 or T7 RNA polymerase according to the manu-
facturer’s protocol. Lithium chloride-precipitated RNA probe
was redissolved in water, and quality was assessed by formalde-
hyde gel electrophoresis. Zebrafish embryos were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) over-
night at 4 °C and processed for in situ hybridization according
to standard protocols (28) using a probe hybridization temper-
ature of 70 °C. Embryos were finally incubated with the alkaline
phosphatase substrate BM purple (Roche Applied Science) in
coloration buffer for 8 h at room temperature, reactions were
stopped by incubation in 0.1 M glycine, pH 2.2 for 10 min, and
embryos were transferred to 70% glycerol for imaging.
ImmunostainingandConfocalMicroscopy—Zebrafish embryos
were collected at 48 hpf, euthanized using an overdose of tric-
aine, and fixed in 4% paraformaldehyde. Embryos were washed
with PBS and transferred to cold 100% acetone at20 °C for 20
min. Embryos were washed with PBS, bleached in 3% hydrogen
peroxide, and incubated in PBS containing 5% bovine serum
albumin (BSA). After incubation, medium was removed, and
embryos were incubated with PBS containing 0.5% Tween 20
(PBST) containing 5% BSA and antibodies directed against the
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following epitopes at the indicated dilution: polyglutamylation
(1:1500; a gift fromMartin A. Gorovsky) and acetylated tubulin
(1:600; Sigma-Aldrich, clone 6-11B-1). Embryos were washed
in PBST and incubated in PBST containing 5% BSA and 1:400
dilutions of the polyclonal secondary antibodies DyLight 549
anti-mouse andDyLight 488 anti-rabbit. Embryoswerewashed
in PBST and transferred to a mounting medium composed of
53% benzyl alcohol (by weight), 45% glycerol (by weight), and
2% N-propyl gallate (29) in glass bottom microwell dishes
(MatTek). Images were captured using a Zeiss SP2 confocal
microscope. Two-color confocal z-series images were acquired
using sequential laser excitation.
Protein Extraction, SDS-PAGE, and Western Blotting—
Zebrafish embryos were harvested at 2 dpf, anesthetized using
tricaine, dechorionated, and deyolked according to the meth-
ods described in Link et al. (30). Deyolked embryos were com-
bined with SDS sample buffer and incubated for 15 min at
95 °C. SDS-PAGE was performed according to standard proce-
dures followed by transfer to nitrocellulose paper. Blots were
incubated with antibodies against polyglutamylation (1:1500)
and -tubulin (1:5000; clone DM1A, Sigma-Aldrich) followed
by HRP-conjugated secondary antibodies (1:2000; Cell Signal-
ing Technology). Band densities were calculated using ImageJ
software.
RESULTS
Identification and Comparison of Zebrafish CCPs—The
zebrafish nucleotide collection and genomic databases were
searched for orthologs of human CCPs. The nucleotide collec-
tion, which represents mRNA sequences, contained full-length
sequences of zebrafish orthologs of CCP1, CCP2, and CCP5
(Fig. 1 and supplemental Fig. S1). These orthologs were also
detected in the zebrafish genomic database. The nucleotide col-
lection contained partial sequences of a zebrafish ortholog of
CCP6, and together with searches of the genomic database and
the expressed sequence tag database, it was possible to piece
together the full-length zebrafish CCP6 (Fig. 1 and supplemen-
tal Fig. S1). An ortholog of CCP4 was present in the zebrafish
genomic database, but this was not detected in the nucleotide
collection representing mRNA sequences or in the expres-
sed sequence tag database, which also represents mRNA
sequences. Thus, although the genomic sequences could be
spliced together into an appropriate open reading frame for a
zebrafish ortholog of CCP4, the absence of any sequences in the
mRNA-derived databases suggest that this gene is expressed at
extremely low levels, is expressed in a very restricted cell type,
or is a pseudogene. Several oligonucleotide primers were
designed to amplify a putative zebrafish ortholog of CCP4 from
cDNA libraries of 2-dpf zebrafish, but no PCR product was
obtained of the expected size even after 40 cycles (data not
shown). No ortholog of the gene encoding mammalian CCP3
was detected in the zebrafish genomic or mRNA-derived
databases.
Zebrafish CCP1, CCP2, CCP5, and CCP6 are generally sim-
ilar to their human orthologs in terms of domain structure (Fig.
1 and supplemental Fig. S1). In addition to the CP domain,
which has homology to the CP domain of A/B andN/E subfam-
ily enzymes, all CCPs in humans and zebrafish contain a
-sheet-rich domain to the N-terminal side of the CP domain.
Although there is no sequence similarity between this domain
in the CCPs and the prodomain in the CPA/B subfamily of
enzymes, the size of the domain and the high degree of -sheet
secondary structure are similar among the A/B and CCP sub-
families (31). The -sheet domain in the CCPs is likely to be
functional based on the high degree of sequence identity
between human and zebrafish orthologs (Fig. 1 and supplemen-
tal Fig. S1). For CCP1, CCP5, andCCP6, the degree of sequence
identity within the -sheet domain is greater than within the
functional CP domain. In addition to the -sheet and CP
domains, CCP1, CCP2, and CCP5 contain additional N-termi-
nal and/or C-terminal domains. For CCP1, the N-terminal 300
amino acids are well conserved between human and zebrafish
(65% amino acid identity), and the C-terminal region also
shows reasonably high conservation (54% identity). The
nuclear export signal localized to theN-terminal region and the
nuclear localization signal in the C-terminal region of human
CCP1 (9, 10) are highly conserved in zebrafish CCP1 (supple-
mental Fig. S1). Other regions of the N-terminal portion of
CCP1 as well as the N-terminal and/or C-terminal regions of
CCP2 and CCP5 show moderate conservation with 21–38%
amino acid identity between human and zebrafish orthologs
(Fig. 1). In addition, CCP5 contains a unique insertion within
the CP domain that adds 90 residues to the length of this
FIGURE 1. Alignments of CCPs found in humans and zebrafish. Human and zebrafish protein sequences were retrieved from the National Center for
Biotechnology Information database and aligned using ClustalW. CCP sequences (black bars) are proportional to length in amino acids. Gaps are indicated
where one homolog contains a region that does not correspond to the sequence of the other. All four pairs of homologs contain a -sheet domain and a
metallocarboxypeptidase domain,whereas theN-terminal andC-terminal regions vary between familymembers andmay consist ofmore thanone functional
domain. Percent identity is shown between human (h) and zebrafish (z) homologs. For comparison, a diagramof proCPA1 and proCPB1 is included (open bar).
Members of the CPA/B subfamily have a prodomain in place of the-sheet-containing domain of the CCPs. Selected residues required for enzymatic function
that are conserved throughout all active enzymes in the metallocarboxypeptidase family are indicated using the numbering system of the mature form of
bovine CPA1 by convention.
Zebrafish Cytosolic Carboxypeptidases
30456 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288•NUMBER 42•OCTOBER 18, 2013
 by guest on June 8, 2015
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
region; this feature is conserved between human and zebrafish
CCP5 orthologs (Fig. 1 and supplemental Fig. S1).
The gene encoding CCP2 is officially named zte25 (zebrafish
testis expressed) because expression in adult zebrafish is
restricted to the testis. UniGene reports 19 CCP2 expressed
sequence tags, 18 of which are from the testis, and one from
olfactory epithelium. Zebrafish CCP1, CCP5, and CCP6
mRNAs have not been reported in the literature other than in
situ hybridization data deposited to ZFIN for CCP5.5
Distribution of Zebrafish CCP mRNAs—The time course of
expression for each CCPmRNA during zebrafish development
was determined by qPCR analysis. All CCP mRNA data were
normalized to -actin mRNA expression and made relative to
maximal expression. The results indicated a small initial drop in
CCP1, CCP5, and CCP6 mRNA levels (Fig. 2) likely due to the
expression of maternal transcripts at 2 hpf. Levels of CCP1,
CCP2, and CCP6 mRNAs gradually increased during develop-
ment with a large increase at about 6–8 dpf. Levels of CCP5
mRNA were variable at the earliest time points measured and
showed an increase at 5 dpf relative to earlier and later time
points (Fig. 2).
In situ hybridization was performed to compare the expres-
sion patterns of zebrafish CCP1, CCP2, CCP5, and CCP6
mRNA levels at early time points (Fig. 3). At 24 hpf, CCP1 and
CCP5 mRNAs were expressed broadly throughout the embryo
with concentrated expression in the olfactory placode. By 48
hpf, CCP1 and CCP5 mRNAs were particularly strong within
the brain, whereas CCP5 and CCP2 transcripts could be
detected within the olfactory placodes as well as the pronephric ducts. Expression of CCP6 mRNA could not be detected by in
situ hybridization at any time point examined.
Functional Analysis of CCP Knockdown—The function of
CCP1 and CCP5 was investigated using morpholino antisense
5 B. Thisse and C. Thisse (2004) Fast release clones: a high throughput expres-
sion analysis. ZFIN direct data submission.
FIGURE 2. Time course of mRNA expression during the first 8 days of zebrafish development. Zebrafish were collected at the time points indicated, and
levels ofmRNA for eachof theCCPswerequantifiedbyqPCR.Datapoints indicate the average level ofmRNA transcript, averaged from three independent RNA
samples (each a pool of six animals), normalized to -actin, and plotted as a percentage of themaximum level observed over the time course examined. Error
bars show S.E.
FIGURE 3. In situ hybridization of zebrafish CCP mRNA at 24 and 48 hpf.
Transcripts of CCP1 and CCP5 show strong expression at the olfactory pla-
code (black arrows) at 24hpf,whereas CCP2 andCCP5 showexpression in this
region at 48 hpf (black arrows). Expression of CCP2 and CCP5 mRNA tran-
scripts is observed in the pronephric duct at 48 hpf (arrowheads). Expression
throughout the brain (gray arrows) can be seen for CCP1 at 24 and 48 hpf and
for CCP5 at 48 hpf. In situ hybridization for each probe and developmental
stage was performed on 8–10 embryos; representative results from a single
animal are shown.
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oligonucleotides (Fig. 4). Morpholino oligonucleotides were
injected into zebrafish embryos soon after fertilization (one- to
two-cell stage) to knock down gene expression during early
stages of development by interfering withmRNA splicing. Two
splice-blocking morpholino oligonucleotides were designed to
interfere with CCP1mRNA splicing. Injection of 6 ng of CCP1-
MO1, which was designed to interfere with splicing between
exons 4 and 5, resulted in an 80% decrease in CCP1 mRNA
levels at 2 dpf compared with 6 ng of a control morpholino
oligonucleotide (Fig. 4, left panel). A second morpholino oligo-
nucleotide to CCP1 (CCP1-MO2), designed to interfere with
splicing between exons 5 and 6, resulted in a 95% decrease in
CCP1mRNA levels at 2 dpf (Fig. 4,middle panel). Injection of 3
ng of a splice-blocking morpholino oligonucleotide to CCP5,
designed to interfere with splicing between exons 2 and 3 of the
CCP5 gene, resulted in a 55% decrease in the level of CCP5
mRNA at 2 dpf (Fig. 4, right panel). Analysis of the morphology
of the embryos after morpholino oligonucleotide-mediated
knockdown of both CCP1 and CCP5 mRNA showed similar
phenotypes: hydrocephalus and body curvature (Fig. 5). These
phenotypes were consistently observed in CCP5-MO-injected
fish with 75% exhibiting a dramatic axial curvature and
greatly enlarged brain ventricles (Fig. 5). Fish injected with
CCP1-MOs exhibited greater variability with50%of embryos
exhibiting normal morphology (Fig. 5). In addition to these
brain ventricle and axial curvature phenotypes, both CCP1 and
CCP5morphant zebrafish also displayed a reduction in eye size.
The enlarged ventricles observed in CCP1 and CCP5 mor-
phant zebrafish embryos were examined in greater detail. The
two different morpholino oligonucleotides designed to block
CCP1 splice sites both increased the size of the ventricles (Fig.
6A). Quantification of the area of the ventricle from a two-
dimensional side view using the method of Teng et al. (33)
showed that ventricle area in all CCP1 morphant embryos was
2.5 times that of control MO-injected embryos, representing a
large increase in ventricle size (Fig. 6B). Embryos injected with
CCP5-MOhad a comparable increase in ventricle size (Fig. 6B).
To validate the result with the CCP5 morpholino oligonucleo-
tide, we used a rescue approach with CCP5mRNA. Injection of
500 pg of CCP5mRNA did not produce a ventricle size or axial
curvature phenotype at 2 dpf (Fig. 6, A and B), although injec-
tion of higher doses of CCP5 mRNA occasionally resulted in a
rare severely deformed phenotype (data not shown). The co-in-
jection of 500 pg CCP5 mRNA with 3 ng of CCP5 morpholino
oligonucleotide greatly reduced the increase in ventricle size
produced by the morpholino oligonucleotide alone (Fig. 6, A
and B), although there was still a small increase compared with
control morpholino oligonucleotide-injected embryos (Fig.
6B). Analysis of the phenotype of the CCP5 mRNA rescue of
CCP5morphants showed a dramatic decrease in the frequency
of embryos displaying hydrocephalus and axial curvature phe-
notypes comparedwith theCCP5morpholino oligonucleotide-
injected embryos (Fig. 6C).
Based on localization to the developing olfactory placode and
previously reported roles for CCP family members in tubulin
processing and ciliary function (12, 13, 15, 34), the olfactory
placodewas examined by confocalmicroscopy using acetylated
tubulin and polyglutamate antibodies to identify the tubulin-
rich ciliated cells of the olfactory placode (35, 36). Both the
acetylated tubulin and polyglutamate antibodies showed ro-
bust immunofluorescent staining of the olfactory placode. In
embryos injected with either CCP1-targeted or CCP5-targeted
morpholino oligonucleotides, olfactory placode morphology
was disrupted, resulting in reduced olfactory placode size and a
large increase in polyglutamylated tubulin immunoreactivity in
cell bodies relative to cilia (Fig. 7). Confocal microscopy of the
cloacal region of the pronephric duct indicated an accumula-
tion of polyglutamylation in the lumen of the duct in a subset of
CCP1morphants (Fig. 7,M–O), consistentwith a role forCCP1
in deglutamylation. To investigate whether tubulin isoforms
were affected by CCP1 and CCP5 knockdown, whole fish
lysates were probed with antibodies to detect polyglutamyla-
tion. In CCP5 morphant fish, polyglutamylation levels of tubu-
lin relative to total -tubulin were 2.5 times the levels in con-
trols (Fig. 8), indicating an accumulation of polyglutamylated
tubulin isoforms in these animals. Polyglutamylation levels in
CCP1 morphants were not different from controls.
DISCUSSION
CCP1 was first identified as a neuronal protein that was
induced during axonal regeneration (7). Shortly after this iden-
tification, CCP1 was further implicated in neuronal functions
when a mutation in the gene encoding CCP1 was found to be
responsible for the neuronal degeneration seen in the pcd clas-
sical mouse mutant (8, 11, 37). Although this discovery was
certainly a breakthrough and an answer to a long-standing
question, it did not rapidly lead to a clear understanding of the
normal function of CCP1. Subsequent discovery of a number of
related CCPs (1, 6) led to manymore questions. A key question
was whether the CCPs function in redundant or complemen-
tary pathways. In this report, we have begun to answer this
question using the zebrafish model system. The zebrafish sys-
tem has many advantages including ease of gene expression
analysis by in situ hybridization and gene expression knock-
down bymorpholino oligonucleotides. Using these techniques,
we have found many similarities in CCP expression and func-
tion between the zebrafish system and mammalian organisms
such as the mouse.
FIGURE 4. Quantification of mRNA levels of target genes in embryos
injected with morpholino oligonucleotides. Zebrafish embryos were col-
lected at 48 hpf and analyzed by qPCR for CCPmRNA levels. Levels of -actin
mRNA were measured as a control, and the level of CCP mRNA is expressed
relative to -actin. Experiments were performed in triplicate. The entire anal-
ysis was performed twice on different groups of animals (each a pool of six
animals). Error bars show the range of these two separate analyses.
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Most previouswork on theCCPshas beendoneusingmice in
large part because of the existence of the pcdmousemutant and
its well characterized phenotype including degeneration of
Purkinje cells, olfactory neurons, and photoreceptors (9).
Although it is difficult to directly compare the mouse and the
zebrafish, there are some similarities to be noted in the pertur-
bation of CCP1 expression in both of these systems. In both the
mouse and the zebrafish, CCP1 orthologs are highly expressed
across a range of cells and tissues (6). CCP1 mRNA is most
highly expressed in the zebrafish brain, consistent with expres-
sion patterns of CCP1 mRNA in the mouse and with the neu-
ronal phenotypes of the pcdmutants (11). Our study indicated
a smaller eye size in CCP1 and CCP5 morphants that could be
related to photoreceptor degeneration, although this does not
normally occur in the pcd mouse until relatively late in devel-
opment (38, 39). Finally, the broad expression of CCP1 mRNA
at early developmental stages but viability of morphant
embryos suggests partial redundancy of function. This is sup-
ported by the high level of knockdown of CCP1mRNAbymor-
pholino oligonucleotides but incomplete penetrance of the
resulting phenotype. These results are also consistent with the
finding thatCCP5 andCCP1have partially overlapping enzyme
activities as shown by Berezniuk et al. (25).
In contrast to CCP1 mRNA, CCP2 mRNA was not detected
at 24 hpf, and when it was detected at 48 hpf, it was only seen in
the pronephric ducts and the olfactory placodes. Analysis by
qPCR indicated very low levels of expression until a dramatic
increase around 5 dpf. This limited expression is consistent
with the name of the gene encoding zebrafish CCP2, zte25,
given because adult expression is enriched in the testes (40). In
the mouse, CCP2 is also highly expressed in the testes and
poorly expressed in other tissues (6). It may be that CCP2 plays
a more important role in the adult. Recently, it has been shown
in HeLa cells that CCP2 colocalizes with -tubulin within cen-
trioles and with polyglutamylated tubulin within the basal bod-
ies of primary cilia (34). One study suggested that CCP2 func-
tions as a tubulin tyrosine carboxypeptidase (24). However, if
this is the case, one would expect a broader distribution for
CCP2; detyrosinated tubulin is found in stable microtubules
within many types of differentiated cells (41), whereas CCP2
mRNA has a restricted distribution in mouse brain and other
tissues (6).
A gene encoding a CCP3 ortholog was not identified in the
zebrafish nor was any expression of the CCP4 gene detected. A
phylogenetic analysis of all cytosolic carboxypeptidases indi-
cates that CCP3 is very closely related to CCP2 (1, 34), whereas
CCP4 groups closely with CCP1 (34). It may be that these
enzymes are functionally redundant and unnecessary in the
zebrafish. Very little has been published regarding CCP3 and
CCP4. Rogowski et al. (12) reported that CCP4 was able to
shorten polyglutamate chains and produce 2 tubulin by
removing glutamate, a function very similar to that ofCCP1.No
up-regulation of CCP4 has been detected to compensate for
loss of CCP1 in pcdmice (13); however, normal levels of CCP4
may be sufficient for some cell types in the absence of CCP1.
Our observation that the knockdown of zebrafish CCP5 is
more consistently severe than that of CCP1 suggests that
although the two enzymesmay have overlapping functions they
are not entirely redundant. Berezniuk et al. (25) report that
CCP5 ismore efficient at cleaving the initial -linked glutamate
of polyglutamate side chains than cleaving glutamate from lon-
ger side chains. In contrast, although CCP1 has been reported
to also remove the initial -linked glutamate of the side chain
(13), it is much more efficient at removing glutamate from lon-
ger side chains (25). Another difference between CCP1 and
CCP5 is the cellular distribution; both proteins are present in
cytosol and nucleus, although CCP5 showed greater nuclear
localization in a variety of cell types that were examined (6).
These differences presumably explain why knockdown of
CCP5 mRNA in the zebrafish results in a very consistent phe-
notype with 95% of embryos exhibiting hydrocephalus and
body curvature, whereas knockdown of CCP1 showed a less
consistent phenotype. CCP5 transcriptswere detected by qPCR
throughout development with in situ hybridization indicating
FIGURE 5. Phenotypes of zebrafish embryos injected with morpholino oligonucleotides targeting CCP1 and CCP5 mRNAs. Zebrafish embryos were
injected with control MO, CCP1-MO1, or CCP5-MO as indicated and collected at 48 hpf for analysis. Embryos injected with CCP1-MO1 or CCP5-MO showed
similar phenotypes of severe hydrocephalus (arrows) and axial curvature. Embryos injected with CCP5-MO showedmore severe phenotypes on average, and
a higher percentage of themdisplayed these phenotypes. Scale bars for each image represent 1mm. Zebrafishwere dechorionated and observed at 2 dpf and
were classified according to severity of brain ventricle edema and axial curvature. Percentages of fish displaying normal, moderate, severe, and very severe
edema and axial curvature are shown (right). For CCP1, a total of 123 animals was analyzed; for CCP5, a total of 143 animals was analyzed.
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enrichment in the brain, olfactory placodes, and pronephric
ducts and pointing to its necessity in developmental processes.
A similar distribution for zebrafish CCP5 mRNA was reported
previously in the UniGene database and in ZFIN with expres-
sion within Kupffer vesicle during gastrulation also reported.5
It is notable that injection of CCP5mRNA occasionally led to a
severe curvature phenotype and differences in size and mor-
phology between left and right eyes, potentially indicating a
laterality defect controlled by the Kupffer vesicle, which is a
ciliated organ.
The accumulation of polyglutamylated tubulin isoforms in
CCP5 but not CCP1 morphant embryos indicates that CCP5
disruption leads to widespread changes in the levels of polyglu-
tamylated isoforms of tubulin in developing zebrafish (Fig. 8). It
is unclear why CCP1 knockdown would not also show this
change but could possibly be explained by compensatory regu-
lation of the enzymes that attach glutamate to tubulin, thereby
opposing the actions of CCPs.
Expression of CCP6 mRNA was not detected by in situ
hybridization in our study. However, it was detected by qPCR
through much of zebrafish development. Similar to CCP1 and
CCP4, CCP6 has been shown to cleave long polyglutamate
FIGURE 6. Fish injected with morpholino oligonucleotides against CCP1
andCCP5 showseverehydrocephalus,which canbe rescuedby co-injec-
tion ofmRNA. Zebrafishwere collected and visualized at 48 hpf. Hydroceph-
aluswasquantifiedusing ImageJ to calculate the areaof a cross-sectionof the
ventricle. A, representative images of fish from each group including unin-
jected fish (Uninj) and control morpholino oligonucleotide-injected fish. The
scale bar indicates 0.5 mm and applies to all images. Arrows show brain ven-
tricles. B, whenquantified, zebrafish embryos injectedwith 6 ngof CCP1-MOs
or 3 ng of CCP5-MO have a brain ventricle with an area 250% the size of
control MO-injected embryos (p  0.01). Embryos injected with 500 pg of
mouse CCP5 mRNA have approximately the same size ventricles as control
MO-injected embryos.When500pgof CCP5mRNA is co-injectedwith 3 ngof
CCP5-MO, the brain ventricle is smaller than with 3 ng of CCP5-MO alone (**,
p0.01) but larger than controlMO-injectedembryos (**,p0.01). Statistics
are relative to controlMO-injected embryos exceptwhere denoted. All statis-
tics were performed using measurements from 10–20 randomly selected
embryos per group. Error bars show S.E. C, CCP5-MO-injected embryos (n
69) and CCP5-MO  mRNA-injected embryos (n  165) were analyzed and
classified by phenotype, and the percentage of each phenotype was com-
pared. Embryos co-injected withmRNA show a lower frequency of abnormal
phenotypes than embryos injected with CCP5-MO alone.
FIGURE 7. Confocal imaging of ciliated organs in zebrafish embryos.
Zebrafish were collected at 48 hpf and analyzed by immunohistochemistry
using acetylated tubulin clone 6-11B-1 (AcTub; red) andpolyglutamate (PolyE;
green) antibodies. Cilia show strong reactivity with both acetylated tubulin
clone 6-11B-1 and polyglutamate antibodies in control and morpholino
oligonucleotide-injected animals. However, cell bodies, which are not visible
in control MO-injected embryos, show reactivity in CCP1-MO1- and CCP5-
MO-injected embryos, particularly for the acetylated tubulin clone 6-11B-1
antibody. Additionally, theoverall structure of theolfactory placode is altered
inmorphant embryos, showing tightly clusteredcilia andanoverall reduction
in size. The scale bar in I applies toA–I. At the posterior region of the proneph-
ric duct of severely phenotypic CCP1-MO1-injected animals, there is a large
body that shows strong reactivity with the polyglutamate antibody near the
cloaca (M–O). This reactivity is absent from control animals (J–L). The scale bar
in O applies to J–O. Staining was performed on at least three groups of50
embryos each, and representative images are shown.
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chains (12). CCP6 is one of only two CCPs with an ortholog
in Caenorhabditis elegans. The C. elegans CCP1 ortholog,
CCPP-1, plays a role in the localization of kinesin motor pro-
teins through the deglutamylation of tubulin (15). Loss of func-
tion of CCPP-1 resulted in an increase in polyglutamylation in
specific cilia and defective B-tubules of the ciliary axoneme. A
similar function was shown for the C. elegans CCP6 ortholog,
CCPP-6, although Kimura et al. (14) proposed that the C.
elegans CCPP-6 is a functional CCP5 ortholog. They showed
that loss of CCPP-6 gene function resulted in increased poly-
glutamylation, whereas overexpression resulted in decreased
polyglutamylation. In cultured HeLa cells, CCP6 has been
found to colocalize with centrioles and basal bodies (34).
The phenotypes seen upon knockdown of either CCP1 or
CCP5 mRNA in the zebrafish are consistent with the localiza-
tion of these genes and are likely due to defective cilium func-
tion. Body curvature and enlargement of the brain ventricles
have been seen in many morphant zebrafish relevant to cilium
function. Knockdown of zebrafish dyx1c1 resulted in abnormal
cilia as well as a prominent body curvature and hydrocephalus
(42). Morpholino oligonucleotide-mediated knockdown of the
zebrafish ortholog ofDNAAF3, a gene necessary for the assem-
bly of dynein and its transport into the cilia, disrupted ciliary
motility and resulted in hydrocephalus and body curvature
among other phenotypes (43). Knockdown of the zebrafish
ortholog of nephrocystin-3, mutations of which are responsible
for human nephronophthisis type 3 andwhich localizes to cilia,
also resulted in hydrocephalus and body curvature in addition
to the expected pronephric cysts (44). A thorough study of the
role of cilia and theirmalfunction leading to hydrocephalus and
pronephric cysts has been performed (45). This study indicated
that motile cilia were actively involved in creating fluid flow
within the pronephros and the central canal of the spinal cord.
Without this flow of fluid, whether due to defective cilia or to a
mechanical blockage, fluid buildup occurred that led to hydro-
cephalus and kidney cysts. It is notable that many of thesemor-
phants and many mutants that develop pronephric cysts (32)
also exhibit ventral body curvature. The reason for this ventral
curvature is not clear at this time.
Altogether, our study points to an important developmental
function for the CCP proteins. This work and work of others
point to a prominent role for the CCPs in the function of cilia,
both motile and non-motile, within organs such as the kidneys
and the nervous system. Some redundancy of function appears
to be built into the system, particularly in the shortening of
polyglutamate side chains: four of six mammalian CCPs have
now been shown to perform this function. However, many fac-
tors point to a specialized role for CCP5 in the efficient removal
of the branch point glutamate that initiates these polyglutamate
side chains.
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